Hwang, L. L. and N. J. Dun. 5-Hydroxytryptamine responses in of RVLM neurons is thought to provide a major excitatory immature rat rostral ventrolateral medulla neurons in vitro. J. Neu-drive to sympathetic preganglionic neurons, which send their rophysiol. 80: 1033-1041, 1998. Whole cell patch recordings were axons to the periphery and synapse with sympathetic postmade from rostral ventrolateral medulla (RVLM) neurons of brain-ganglionic neurons. RVLM neurons in turn receive synaptic stem slices from 8-to 12-day-old rats. By superfusion or pressure inputs, which are encoded with specific transmitters, from ejection to RVLM neurons, 5-hydroxytryptamine (5-HT) elicited neurons within or outside the medulla (Dampney 1994). that may mediate the 5-HT responses were also explored.
Results from several studies support the idea that 5-hytion (5-HT H ), a slow depolarization (5-HT D ) and a biphasic redroxytryptamine (5-HT) may be one of the putative transsponse, which persisted in a tetrodotoxin (TTX, 0.3 mM)-conmitters involved in modulating the activity of a subset of taining solution. 5-HT H were accompanied by a decrease of input resistance in the majority of responsive neurons. Hyperpolarization RVLM neurons, consequently the cardiovascular dynamics. reduced and depolarization increased the 5-HT H ; the mean reversal For example, RVLM neurons receive a moderately dense potential was 092.3 mV in 3.1 mM and shifted to 069.3 mV in 7 network of 5-HT-immunoreactive termini arising from dor- The present study shows that, in the immature rat Lovick 1992b). The cellular basis of the excitatory action RVLM neurons, 5-HT causes a slow hyperpolarization and depo-of 5-HT on RVLM neurons has yet to be clarified. The larization probably by interacting with 5-HT 1A and 5-HT 2 recep-present study was undertaken to reexamine the membrane tors, which are G-proteins coupled. 5-HT H may involve an increase effects of 5-HT on RVLM neurons in a coronal brain stem of an inwardly rectifying K / conductance, and 5-HT D appear to slice preparation similar to that described by Lewis and be caused by a decrease of K / conductance and/or increase of Coote (1993) . The receptor subtypes and ionic mechanisms nonselective cation conductance.
that may mediate the 5-HT responses were also explored.
Coronal slices of 500 mm were prepared from immature (8-to Neurons in the rostral ventrolateral medulla (RVLM), 12-day-old) Sprague-Dawley rats (Zivic Miller, Zellenople, PA) which subserve a number of physiological functions includ- 
5-HT responses in RVLM neurons
The whole cell patch recording technique was similar to that
Pressure applications of 5-HT to 175 RVLM neurons re- HCl, ({)-8-hydroxy-dipropylamino-tetralin (8-OH-DPAT), pin-ejection may activate mainly somatic receptors and superfudobind-5-HT 1A (PBD), ketanserin, and a-methyl-5-HT from sion may activate the somatic and dendritic receptors cannot Research Biochemicals (Natuck, MA). Data are expressed as be excluded, the response and direction of membrane resismeans { SE and analyzed statistically by means of the Student's tance change in a given neuron was the same whether applied t-test with a significance at P õ 0.05.
by bath or by pressure ejection.
5-HT hyperpolarizations R E S U L T S
At the membrane potential of 060 mV, 5-HT H were con-RVLM neurons centration dependent and ranged from a few to ú10 mV in different cells ( Fig. 2A) . 5-HT H in 9/13 neurons (69%) Whole cell patch recordings were made from neurons in the RVLM area. The RVLM was recognized in the slice as were associated with a decrease of input resistance ranging from 10 to 41% (22.1 { 3.6%; n Å 9), measured at the an area ventral to the compact region of nucleus ambiguus, which appeared as a slightly dark area in a freshly prepared time when the potential shift was offset by passing current through the recording electrode (Fig. 7C ). In the other four medulla slice, and lateral to the paragigantocellular nucleus at the level rostral to area postrema (Lewis and Coote 1993; neurons (31%), the responses were not accompanied by a detectable change in input resistance. In spite of the differLin et al. 1998). Other than the general location, RVLM neurons were not further characterized with respect to their ences in membrane resistance change, the mean amplitude of 5-HT H in these two groups of neurons was comparable, transmitter phenotype or physiological function.
RVLM neurons had a mean resting membrane potential, i.e., 8.1 { 1.4 versus 8.4 { 1.7 mV. 5-HT H became larger upon depolarization and smaller spike height, and input resistance of 057 { 0.9 (SE) mV, 70.4 { 1.5 mV, and 533.6 { 37.7 MV (n Å 74). As pre-upon hyperpolarization (Fig. 3) . The extrapolated mean reversal potential was 092.3 { 3.3 mV in 3.1 mM [K / ] o (n Å viously reported (Lewis and Coote 1993; Lin et al. 1998 ), a population of RVLM neurons discharges spontaneously. 6), which is close to the K / equilibrium potential (E K ) of 094 mV calculated from the Nernst equation at 20ЊC. The Because of membrane oscillations and discharges in these cells, it was difficult to measure accurately the 5-HT re-mean reversal potential shifted to 069.3 { 2.3 mV (n Å 3) in 7 mM [K / ] o solution, as shown in Fig. 3 . sponses under these conditions. As a result, TTX (0. Superfusing the slices with a Krebs solution containing tion ( n Å 3) or elicited a smaller response when applied immediately after the membrane potential had recovered Ba 2/ (0.1 mM) significantly reduced the 5-HT H ; the mean amplitude was 7.3 { 1.4 mV in Krebs solution and 1.3 { from 8-OH-DPAT-induced hyperpolarization (Fig. 4A) . 0.9 mV in Ba 2/ solution (n Å 3; P Å 0.027). 5-HT H were Pretreating the slices with the selective 5-HT 1A antagonist not significantly affected by TEA (10 mM) in three neurons PBD (Liau et al. 1991) concentration dependently and retested (P ú 0.05).
versibly suppressed the 5-HT H (n Å 5; Fig. 4B ) and the hyperpolarizing phase of the biphasic responses (n Å 3; antagonist spiperone (1-10 mM) (Peroutka and Snyder (Gozlan et al. 1983 ) produced a slow hyperpolarization com-1979) partially or completely suppressed the 5-HT H in three parable in amplitude with that caused by 5-HT (n Å 7). 8-cells tested; the onset and recovery of the blocking action OH-DPAT hyperpolarizations had a duration of 30-50 min, of spiperone was slow (Fig. 4C) . The 5-HT 2 receptor antagwhich was noticeably longer than that of 5-HT H (Fig. 4A) . onist ketanserin (3 mM) (Van Nueten et al. 1981) had no Further, 5-HT was unable to evoke a detectable response when applied during 8-OH-DPAT-induced hyperpolariza-significant effect on 5-HT H in three neurons (96.7 { 3.3%). FIG 
5-HT depolarizations
5-HT in the presence and absence of ketanserin (2 mM) were compared. 5-HT D occurred in 5/19 neurons (26%) At the resting potential of about 060 mV, 5-HT D ranged and 23/44 neurons (52%) in the presence and absence of from a few to ú10 mV (Fig. 2B ). An increase (13/29 ketanserin, respectively. The mean amplitude of 5-HT D obneurons, 28.4 { 5.2%; Fig. 6C ) or no apparent change (16/ tained from five neurons in the presence of ketanserin was 29) in input resistance was noted during the course of 5-4.9 { 1.2 mV, which was smaller than the mean amplitude HT D . After the removal of 5-HT from the perfusing solution, of 11.0 { 1.5 mV (n Å 23; P Å 0.07) obtained from the the membrane potential recovered slowly.
group of neurons not pretreated with ketanserin. 5-HT D were Two types of 5-HT D that differed in their voltage-response not significantly affected by the 5-HT 1A antagonist PBD relations were noted. In the first type, 5-HT D were accompa-(2 mM) in three neurons tested (11 { 3.8 mV vs. 10.7 { nied by an increase or no apparent change of input resistance, 3.2 mV). and the responses became larger upon depolarization and smaller upon hyperpolarization in 5 of 13 neurons tested. In Biphasic responses the second type (n Å 8), the amplitude of 5-HT D was relatively independent of membrane potentials. Both types of 5-Application of 5-HT by pressure ejection produced a bi-HT D were not significantly changed in a Ca 2/ -free/high phasic response, which was composed of an initial hyperpoMg 2/ solution (12.8 { 1.6 mV vs. 13.9 { 2.2 mV; n Å 5) larization followed by a slow depolarization of varying amnor in a low Cl 0 (6.7 mM) solution (15.4 { 4.7 mV vs. plitude, in 16/175 neurons. Ketanserin (1 mM) preferentially 14.1 { 4.8 mV; n Å 5). Increased [K / ] o from 3.1 to 7.0 suppressed the depolarizing phase of the biphasic responses, mM caused a small decrease in 5-HT D (15.8 { 5.6 mV vs. consequently, enhancing the initial hyperpolarization (n Å 11.0 { 4.7 mV; n Å 3; Fig. 5A ). In a low Na / (26 mM) 3; Fig. 7A ). PBD (1 mM) selectively eliminated the hypersolution, the 5-HT D were significantly reduced (11.5 { 5.6 polarizing phase of the biphasic response, thereby augmV vs. 4.6 { 1.9 mV; n Å 5; Fig. 5B ).
menting the depolarizing phase (Fig. 7B, n Å 3 ). Both phases were abolished by spiperone (10 mM; Fig. 7A ). Bath application of 5-HT also caused a biphasic response (7/44) 5-HT 2 -like receptors as shown in Fig. 7C . Ketanserin (2 mM) suppressed the The 5-HT 2 receptor agonist a-methyl-5-HT (50 mM) depolarizing and increased the hyperpolarizing phase in (Richardson et al. 1985) mimicked the slow depolarization three neurons tested. induced by 5-HT in all five neurons tested (11.6 { 4.2 mV vs. 12.0 { 3 mV; Fig. 6A ). The 5-HT 2 receptor blocker Involvement of GTP-binding proteins in 5-HT responses ketanserin suppressed 5-HT D (Fig. 6B) . At the concentrations of 1, 5, and 10 mM, ketanserin suppressed the 5-HT D In this series of experiments, neurons were recorded with patch electrodes filled with a solution containing the hydrolyby 47.7 { 13.2% (n Å 8), 73.3 { 9.0% (n Å 8), and 87.4 { 9.0% (n Å 5); it also eliminated the depolarizing phase of sis-resistant guanine nucleotide GDP-b-S (1 mM). GDP-b-S binds to G-proteins and inhibits the binding of GTP, the biphasic responses (Fig. 7A) . The blocking effect of ketanserin was long lasting; 5-HT D did not fully recover even thereby blocking the GTP-dependent activation of G-proteins. Responses to the first application of 5-HT shortly after after a prolonged (ú2 h) wash. To minimize the potential for tachyphylaxis, responses evoked by the first application of the rupture of recording neuron membrane were compared J028-8 / 9k2c$$se12 08-31-98 23:21:00 neupa LP-Neurophys A: superfusion of 5-HT (10 mM) elicited a slow hyperpolarization with a peak amplitude of 8 mV. Superfusion of 8-OH-DPAT (30 mM) to the same neuron caused a longer lasting slow hyperpolarization of about the same amplitude. After a period of 40 min wash, the membrane potential had returned to the control level, and a 2nd application of 5-HT induced a smaller hyperpolarization of Ç5 mV. B: pretreating the slice with PBD (1 mM) significantly reduced the hyperpolarization from 8 to 3 mV induced by the 2nd application of 5-HT, and the blocking effect of PBD was reversible. C: spiperone slowly antagonized the hyperpolarizations evoked by pressure ejection of 5-HT from 5 mV to õ1 mV. Numbers in minute indicate the time after spiperone application or wash. Recordings in A-C were from 3 different RVLM neurons that had resting membrane potentials of 056, 056, and 062 mV.
with that obtained with the second application, which took amplitude of glycine hyperpolarizations obtained shortly after and 30 min after rupturing the membrane was 8.5 { place 30 min later. Both 5-HT D and 5-HT H evoked by the 2.1 mV and 8.2 { 2.3 mV. second application of 5-HT were smaller (24.5 { 9.2%, n Å 5 and 10.8 { 5.8%, n Å 3) than that of the first application (Fig. 8, A and B) .
D I S C U S S I O N
Because GDP-b-S was a trilithium (Li / ) salt, experiments were performed to evaluate the possibility that Li / The present study provides the first account of a depolarizitself may affect 5-HT responses. In these experiments, LiCl ing, hyperpolarizing, or a biphasic response by 5-HT in im-(3 mM) was added to the patch solution and introduced into mature rat RVLM neurons of brain stem slices. Because the the recorded neurons. Li had little effect on the amplitude responses were not significantly changed in a TTX-conof 5-HT D in five neurons tested. Last, hyperpolarizations taining or a Ca 2/ -free solution, 5-HT acted directly on mediated by glycine receptors, which are ligand gated, were RVLM neurons from which the recordings were made. Our result differs from an earlier study in which 5-HT was found evaluated as a negative control. In four neurons, the mean only to cause a hyperpolarization in RVLM neurons of rat brain stem slices (Lewis and Coote 1993) . Because neurons in neither study were identified by physiological or phenotypic criteria, functionally specific subgroups of RVLM neurons may be endowed with subtype(s) of 5-HT receptors. The discrepancy may arise from sample selection of subtypes of RVLM neurons between these two studies. An in vivo study, however, showed that the 5-HT 2 receptor agonist amethyl-5-HT excited RVLM neurons irrespective of baroreceptor responsive or nonresponsive and whether or not they projected to the spinal cord (Wang and Lovick 1992b) . Viewed in this context, a more likely explanation is the small number of neurons (n Å 14) sampled in the earlier study (Lewis and Coote 1993), which may not be representative of the population response.
5-HT 1A -like receptor-mediated hyperpolarization
Pharmacological studies suggest that the 5-HT H in RVLM neurons is likely to be mediated by 5-HT 1A or closely related receptors. First, the selective 5-HT 1A receptor agonist 8-OH-DPAT produced a hyperpolarization with characteristics similar to that of 5-HT H . Second, 5-HT failed to elicit a hyperpolarization during 8-OH-DPAT-induced hyperpolarization or elicited a much smaller response during the recovery phase, suggesting that agonist-induced receptor desensitization may have occurred (Harrington et al. 1994) . Third, the antagonism of 5-HT H by the 5-HT 1/2 receptor antagonist spiperone, but not by the 5-HT 2 receptor antagonist ketanserin, argues against a major contribution by 5-HT 2 receptors. Last, the selective 5-HT 1A receptor antagonist PBD eliminated the 5-HT H . These findings in conjunction with the earlier observations of the detection of 5-HT 1A -binding sites (Thor et al. 1990 ) and inhibition of the activity of RVLM neurons by activation of 5-HT 1A receptors in vivo (Wang and Lovick 1992a) support an inhibitory role of 5-HT 1A receptors in the RVLM. 
5-HT H : K
/ conductance increase with a burst of discharges at the peak; a-methyl-5-HT ( 50 mM ) mimicked the response. B : the depolarization evoked by bath application of 5-HT Insofar as the ionic mechanism is concerned, the findings was markedly reduced by superfusion of ketanserin ( 1 mM ) ; intense discharge was noted on the plateau phase. C : 5-HT caused a slow depolar-that 5-HT H were associated with a decrease of membrane ization associated with an increase in membrane resistance ( Ç30% ) , resistance, reduced by membrane hyperpolarization and nulwhich persisted when the potential shift was offset by returning the mem-lified near the E K are consistent with the idea that 5-HT (Penington et al. 1993; Williams et al. 1988 ), delineated. The finding that 5-HT H were not affected by a relatively high concentration of TEA but markedly reduced and guinea pig nucleus propositus hypoglossi (Bobker and Williams 1995) . by a low concentration of Ba 2/ , which is known to block an inwardly rectifying K / current in various central neurons Last, the observation that intracellular dialysis with GDPb-S markedly reduced the 5-HT H is consistent with the (Bobker and Williams 1995; Uchimura et al. 1989; Williams et al. 1988) suggests that 5-HT may hyperpolarize RVLM involvement of G-proteins in coupling 5-HT 1A receptors to the opening of K / channels, as has been proposed in other Last, 5-HT D were much smaller in neurons intracellularly dialyzed with GDP-b-S, suggesting the 5-HT 2 receptors in central neurons (Andrade et al. 1986; Okuhara and Beck 1994; Penington et al. 1993; Williams et al. 1988) .
question are G-protein coupled, as has been proposed in other central neurons (Boess and Martin 1994) .
5-HT 2 -like receptor-mediated depolarization
Biphasic response Although a depolarization by 5-HT was not reported in 5-HT elicited a biphasic response, which persisted in a RVLM neurons of brain stem slice preparations (Lewis and TTX-containing Krebs solution, in a population of RVLM
